Objective: To determine, using a systematic review of case-control studies, whether head injury is a significant risk factor for Alzheimer's disease. We sought to replicate the findings of the meta-analysis of Mortimer et al (1991) . Methods: A predefined inclusion criterion specified case-control studies eligible for inclusion. A comprehensive and systematic search of various electronic databases, up to August 2001, was undertaken. Two independent reviewers screened studies for eligibility. Fifteen case-control studies were identified that met the inclusion criteria, of which seven postdated the study of Mortimer et al. The most convincing evidence to date in support of an association between head injury and Alzheimer's disease is the meta-analysis by Mortimer et al of seven case-control studies conducted before 1991. 5 In this study, the raw data for each case-control study were collected directly from the original authors. Mortimer et al reported a relative risk of 1.82 (95% confidence interval (CI) 1.26 to 2.67) for head injury with a loss of consciousness. 5 The relative risk, when adjusted for a family history of dementing illness, education, and alcohol consumption, remained significant but was only true for males (2.67, 95% CI 1.64 to 4.41) and not females (0.85, 95% CI 0.43 to 1.70).
T he relation between head injury and the risk of Alzheimer's disease remains inconclusive. Several casecontrol studies suggest head injury is a risk factor for developing Alzheimer's disease and report odds ratios ranging from 3.5 1 to 13.75. 2 Other studies have, however, failed to replicate these findings. 3 4 The most convincing evidence to date in support of an association between head injury and Alzheimer's disease is the meta-analysis by Mortimer et al of seven case-control studies conducted before 1991. 5 In this study, the raw data for each case-control study were collected directly from the original authors. Mortimer et al reported a relative risk of 1.82 (95% confidence interval (CI) 1.26 to 2.67) for head injury with a loss of consciousness. 5 The relative risk, when adjusted for a family history of dementing illness, education, and alcohol consumption, remained significant but was only true for males (2.67, 95% CI 1.64 to 4.41) and not females (0.85, 95% CI 0.43 to 1.70) .
In view of the equivocal findings from Mortimer et al's study, 5 and knowing that further case-control studies have been reported, we aimed to replicate the findings of Mortimer et al using a systematic review of case-control studies conducted in the past 10 years. We also sought to review the evidence for a relation between APOE status and head injury as risk factors for Alzheimer's disease. We have primarily relied on the data presented in published papers and, consequently, were unable to analyse covariate risk factors such as alcohol consumption, family history of dementing illness, and education.
METHODS

Inclusion criteria
This study identified case-control studies that reported on head injury, or the interaction between head injury and APOE status, as risk factors for Alzheimer's disease. The inclusion criteria were developed on the basis of a comprehensive review of the literature, and consideration of the criteria used by Mortimer et al, 5 in order to identify the major sources of potential bias and the measures taken in an attempt to minimise such bias. Seven factors were identified as essential requirements for entry into this study:
(1) Head injury with loss of consciousness: We were interested in head injury of a severity that occurs infrequently and that is likely to produce neurological effect. Therefore, we required that studies defined head trauma in terms of the presence of loss of consciousness. By excluding lesser head injuries, studies should be less exposed to recall bias and less likely to find an association that merely reflects a consequence of the prodrome of the dementia. No time restriction was placed on the period of unconsciousness.
(2) Matching of case and control subjects: Two different types of matching have been utilised in case-control studies. In individual matching, each case is matched to a control on the basis of age, gender, and sometimes ethnic group, years of education, or community of residence. This type of matching leads to a more powerful analysis as the odds ratio is calculated from the number of case-control pairs discordant on the risk factor. In contrast, frequency or group matching ensures that the proportion of subjects of a certain age and gender are similar in the case and control groups. We required studies to have used either individual or group matching. We also allowed studies that had not actively matched but where there was no significant difference between the case and control groups with regard to pertinent demographic variables.
(3) Diagnostic criteria for Alzheimer's disease: We required that studies used the NINCDS-ADRDA criteria for probable or possible Alzheimer's disease or the DSM criteria to make a clinical diagnosis of the Alzheimer type. (4) Inclusion criteria for controls: Control subjects had to meet predefined inclusion criteria that attempted to rule out the possibility of dementia.
(5) Symmetrical data collection: For the Alzheimer's disease subjects (case) an informant had to be used to provide data about a history of head injury. However, bias may occur if this information is not collected symmetrically when an informant is interviewed on behalf of the case but not on behalf of the control. To exclude this potential confound we required that data regarding previous head injury were collected from informants, both for the cases and controls.
(6) Recruitment of controls: Studies were excluded where controls were selected from psychiatric departments. The use of psychiatric controls addresses an alternative research question-does head injury specifically increase the risk of Alzheimer's disease rather than, for example, depression? (7) Head injury occurred prior to the onset of Alzheimer's disease: It is essential that incidents of head injury in case subjects occurred before the onset of Alzheimer's disease and therefore we required studies to have explicitly stated that this was the case.
In addition to the inclusion criteria, we also noted whether studies fulfilled two further criteria, although these were not necessary for inclusion. Studies that met each criterion were collated and analysed in a sensitivity analysis to examine how the odds ratio was affected by imposing more stringent requirements. (8) Head injury occurred at least X years prior to the onset of Alzheimer's disease: Head injuries occurring close to the onset of Alzheimer's disease may have occurred before the Alzheimer's disease was formally diagnosed but after significant cognitive and behavioural decline had occurred; the head injury may have been a result of the Alzheimer's disease. Therefore, it was important to note whether each study indicated that the head injury occurred prior to the onset of Alzheimer's disease by a period of at least X years. The duration, X years, was not specified. , and PsycINFO (1998 to August 2001) using a comprehensive search strategy. The strategy was divided into two components; component A identified papers relating to "Alzheimer's disease" or "apolipoprotein E". This was combined, using the Boolean operator AND, with component B, which identified papers relating to "head injury" or "risk factors". As an indication of quality, we required that the search strategy successfully retrieved the 11 case-control studies identified by Mortimer et al, 5 and therefore, the strategy was systematically tested and refined. In addition to the electronic search, the reference lists of recent review articles were hand searched. There were no language restrictions.
The search process generated 19 370 papers, including duplicates, which were then screened by two independent reviewers (DLO, AG). Reasonable, but wide, inclusion criteria were applied when selecting papers. Not only were potential data papers extracted, but also were relevant background papers, review articles, and papers where only a title was provided. The reviewers achieved a good level of concordance. Of the 357 papers selected for further in depth review, 90 were identified by both of the reviewers; these contained 14 of the 15 studies that were subsequently included in the metaanalysis. The remaining paper was identified in the second part of the search strategy (reference list search).
The 357 papers were retrieved in full and were once more screened for eligibility, this time by a single reviewer who imposed narrow inclusion criteria. For a paper to be included, it had to have used a case-control design and investigated head injury or the interaction between head injury and APOE status as risk factors for Alzheimer's disease.
Forty three case-control studies were identified, of which 15 were conducted prior to 1991 (referred to as pre-Mortimer studies), 21 were published after 1991 (referred to as post-Mortimer studies), and seven amounted to duplicates as they presented data already reported elsewhere. The references cited by these studies were hand searched and the title and authors were entered into a Web of Science citation search. Only one additional paper was identified.
Of the 43 case-control studies identified, 21 studies that did not fulfil the above inclusion criteria, and the seven duplicate studies were excluded. Details of these studies can be found in the appendix. Of the remaining 15 papers, 1 2 4 6-17 seven had been conducted since 1991, all of which met our inclusion criteria.
Statistical analysis
Odds ratios with confidence intervals were computed for each case-control study, using the method for paired or independent samples, depending on whether controls were individually matched to cases. Exact confidence intervals were obtained. 18 The meta-analyses were based on the log odds ratios and their standard errors as determined from the logarithms of the upper and lower bounds of the confidence intervals. After testing for heterogeneity in effect sizes between studies using a χ 2 test, fixed effects meta-analysis was carried out unless there was significant heterogeneity at the 5% level, in which case random effects meta-analysis was used. All analyses were carried out in Stata 7.
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RESULTS
The odds ratios and their 95% confidence intervals are given in table 1 for all subjects and by sex in table 3. There was no significant heterogeneity between odds ratios for all subjects (Q = 12.39, df = 14, p = 0.58), or for females (Q = 1.88, df = 6, p = 0.93) or males (Q = 4.54, df = 7, p = 0.72). The results of the meta-analyses for all subjects, females and males, are given in table 2, where sensitivity analyses and separate meta-analyses for the post-Mortimer and preMortimer studies are also reported. Figure 2 shows the individual and combined odds ratios for all studies.
Only two studies examined the interaction between head injury and APOE status as risk factors of Alzheimer's disease, and therefore meta-analysis of this data was not possible. The meta-analyses of all 15 studies and all subjects gave an odds ratio estimate of 1.58 (95% CI 1.21 to 2.06). The first sensitivity analysis considered only those 10 studies that required head injury to have occurred X years prior to onset of Alzheimer's disease (labelled P in table 1). The pooled odds ratio was estimated as 1.56 (95% CI 1.12 to 2.18), which was similar to the odds ratio for all 15 studies. The second sensitivity analysis considered only those studies where cases and controls were matched for informant type. The combined odds ratio was estimated as 1.42 (95% CI 0.75 to 2.67) which was somewhat lower than that for all studies. When we analysed only the seven post-Mortimer studies, the odds ratio fell to 1.35 (95% CI 0.94 to 1.94) and was no longer significant (table  2) .
Finally, we have looked at the odds ratio for men and women ( 
DISCUSSION
This study has partially replicated the main findings of Mortimer et al. 5 There was no significant association between head injury and Alzheimer's disease in the seven studies conducted after Mortimer et al, in contrast to the eight studies included in the Mortimer et al meta-analysis. However, overall the 15 studies showed a significant association with an odds ratio of 1.58 (95% CI 1.21 to 2.06), somewhat lower than the relative risk of 1.82 (95% CI 1.26 to 2.67) reported by Mortimer et al. On the other hand, Mortimer et al's finding that the association between head injury and Alzheimer's disease was present only in males, was replicated. For males we observed an odds ratio of 2.26 and for females an odds ratio of 0.92. These findings are very similar to Mortimer et al's study, which reported an estimated relative risk of 2.67 for males and a relative risk less than 1 for females.
A possible explanation for the gender difference in the risk of Alzheimer's disease following head injury is the role of the female hormones, oestrogen and progesterone. Animal models of stroke and traumatic brain injury (TBI) have provided evidence to suggest that these hormones may confer a neuroprotective and neuroregenerative effect. 20 21 For example, Bramlett and Dietrich, 22 using an animal model of TBI, found contusion volume was significantly smaller in adult female rats than in male and ovariectomised female rats. The variation in circulating endogenous hormones was provided as an explanation for the observed differences in the extent of brain damage. Also, oestrogen has been implicated as a protective factor in the development of Alzheimer's disease. [23] [24] [25] Therefore, it is possible that females are protected from Alzheimer's disease after head injury due to the protective effects of the female hormones.
This study was unable to review the relation between head injury and APOE gene status as risk factors for Alzheimer's disease. Only two studies that investigated this relation using a case-control design were identified. Mayeux et al 26 found that patients with at least one APOE e4 allele and a history of head injury had a 10-fold increased risk of developing Alzheimer's disease. No association was found between head injury and Alzheimer's disease in the absence of APOE e4 allele. In contrast, O'Meara et al 15 found that APOE e4 allele had little effect on the observed association between head injury and risk of Alzheimer's disease. However, O'Meara et al 15 noted that the low rate of head injury reported by control subjects might have hindered the study's power to detect an interaction between head injury and APOE e4.
The relation between head injury and Alzheimer's disease has also been examined through population based cohort studies that prospectively assess the risk of Alzheimer's disease following head injury. The historical cohort study of Plassman et al 27 found an increased risk of Alzheimer's disease in World War II veterans who had sustained either a moderate (hazard ratio (HR) 2.32; 95% CI 1.04 to 5.17) or severe head injury (HR 4.51; 95% CI 1.77 to 11.47) but not a mild head injury. The absolute rate of dementia observed in the sample as a whole, mean age at follow up of 75.8 years, was low at less than 5%. In contrast, other cohort studies have failed to find evidence for an increased risk of Alzheimer's disease following head trauma. [28] [29] [30] Nemetz et al 29 identified people who had sustained a head injury during the period 1935-84 and used the resources of the Rochester Epidemiology Project, a computerised medical linkage system, to identify those who developed Alzheimer's disease prior to 1 June 1988, last contact, or death. Nemetz et al 29 found that the number of individuals with head injury who later developed Alzheimer's disease was not significantly higher than the incidence of Alzheimer's disease in Rochester, Minnesota.
An advantage of the cohort design is that it removes many of the biases that plague case-control studies. 31 The use of medical records to document the occurrence of head injury removes the need to rely on retrospective informant reports, and thus the data for case and control subjects is more likely to be of equal accuracy and precision.
On the other hand, there are several biases that may be present using case-control methods. For example, recall bias may arise because the informants of Alzheimer's patients may more readily recall a previous head injury than informants of control subjects, due to a need to account for their loved one's illness, 7 or as a result of cues within the hospital environment. Further, the recall of a spouse informant may be more precise than that of other family members due to the duration and quality of contact. 2 32 Hence, the information provided by case informants and control informants may differ significantly in quality. These issues are further exacerbated by differing definitions of head injury, 2 the lack of a standard method for assessing the severity of head injuries, 27 the potential for the misclassification of Alzheimer's disease, 33 and the fact that many case-control studies lack the statistical power necessary to detect an association with head injury. 5 8 The potential for bias to confound interpretation of the results of individual case-control studies is of major concern. This is illustrated by the study of Niino et al study 34 which explored the association between a large number of potential risk factors and Alzheimer's disease. Nearly all of the factors investigated were found to be more common in patients with Alzheimer's disease, suggesting reporter bias may have confounded the results. In Mortimer et al's review, 5 relative risks for studies of head injury with loss of consciousness compared to those for head injury of any severity were in the opposite direction to what one would predict. In the latter case, relative risk ranged from 2.40 to 18.0 and in the former, from 1.17 to 6.01. These findings are compatible with reporting bias (mild injuries are probably more prone to reporter bias) or Alzheimer's disease playing a causative role in the occurrence of head injury. In order to explore the effects of bias, we conducted a sensitivity analysis to examine whether imposing more stringent inclusion requirements, and thus minimising the possibility of bias still further, had the predicted affect on the odds ratio. The first restriction required studies to have recruited subjects with a head injury that occurred a specified period before the onset of Alzheimer's disease-that is, the injury was sustained at least X years before the onset of Alzheimer's disease. The purpose of this analysis was to minimise the artefact from Alzheimer's disease causing the head injury. A reduction in the odds ratio on exclusion of these studies would be compatible with the findings being to due to this artefact. In fact, exclusion of these studies was found to have little effect on the odds ratio.
The other restriction, relating to recall bias, required studies to have matched, either individually or by group, the relationship of the informant to the case and control subject. One possible hypothesis is that Alzheimer's patients tend to be accompanied by their spouse, whereas the control subjects bring all comers to act as their informant. This would mean Alzheimer's patients would be more likely to have an informant who is better able to remember what happened many years ago. This artefact would therefore increase the odds ratio. However, Mortimer et al 5 found that the relative risk for head trauma increased slightly when studies that had not matched informant type were excluded (RR 2.13, 95% CI 1.37 to 3.42). In the present study, analysis after removal of studies exposed to this bias, showed a reduction in odds ratio to a non-significant level. Unfortunately, when we attempted to perform sensitivity analyses of the male data, only two studies were left, 2 11 one of which found a substantially increased and one a substantially decreased odds ratio.
In summary, the findings of the present study provide support for an association between head injury and the risk of Alzheimer's disease only in males. In light of the inherent complications in conducting case-control studies, future work should consider the use of population based cohort designs that rely on medical records to document head injury history. 
APPENDIX: EXCLUDED STUDIES
